Abstract-The objective of this paper is to improve the frequency regulation of an islanded microgrid system consisting of non-battery-backed photovoltaic (PV) systems. Operating the PV system in limited power point tracking (LPPT) mode gives provision for the application of droop control on the PV system active power, which in turn enhances the frequency regulation of the microgrid. The LPPT is a control technique used for extracting the desired amount of power that may be less than the maximum available power from the PV system. Variable rate LPPT is the superior control technique among the available LPPT control techniques, which is employed in the work. The droop controller implemented in this paper provides the required power reference command for the limited power operation of a PV system based on the deviation of bus frequency from its nominal value (50 Hz/60 Hz). A case study is presented to validate the effectiveness of the above-mentioned concept.
INTRODUCTION
With the day to day depletion of conventional energy sources, the electricity generation from renewable energy sources such as solar, wind, tidal and so on, drawn the attention of many researchers. The easy implantation of solar panels and windmills near to the load centers and the technology advancements made in power electronics have led to the evolution of a concept called distributed generation. Integration of the distributed energy sources along with local loads is considered to be as microgrid. The microgrid can be operated either in the grid-connected mode or in the islanded mode. In the grid-connected mode, the voltage and frequency are determined by the grid and the distributed energy resources are controlled to supply only the specified amounts of active power and reactive power. In the islanded mode, the frequency and voltage are to be regulated by the distributed energy sources. So, in order to regulate the frequency and to maintain it within its limits in an islanded microgrid operation, the distributed energy sources should be operated in the drooping mode.
Easy implantation and the non-linear characteristics of photovoltaic (PV) system drawn the attention of many industrialists and researchers. The mathematical modelling of PV panels is explained in [1] . Different control techniques have been developed to extract the maximum available power from the PV system such as perturb and observe method, incremental conductance method, ripple correction control method and so on. The detailed comparison of all the developed maximum power point tracking (MPPT) control techniques is presented in [2] . A control technique is described in [3] to limit the power output from a PV system. In the context of improving the performance of perturb and observe based basic limited power point tracking (LPPT) control scheme, two other control schemes, namely, variable step LPPT (VSLPPT) and variable rate LPPT (VRLPPT) are developed in [4] . The droop control operation of a non-battery-backed PV system is possible only during LPPT mode of operation of PV system as it helps in tracking the desired amount of power. The advantage of nonbattery-backed PV systems over the battery-backed PV systems lies in eliminating any technical restriction on the placement of energy storage devices. It is eventually convenient to deploy a centralized energy storage system rather than local (i.e., immediately after PV arrays) energy storages [5] .
In this paper, perturb and observe based LPPT control schemes are briefly explained in section II. The droop control architecture of the PV system is described in section III. The case study is presented in section IV and finally, the paper is concluded in section V.
II. PERTURB AND OBSERVE BASED LPPT CONTROL SCHEMES
LPPT is the control technique used to extract the desired amount of power from PV system. The amount of power required is specified through a reference power command that, in principle, should not be no higher than the maximum available power from the PV system. However, when the reference power level is more than the maximum available power then the control shifts to maximum power point tracking mode. Three different LPPT control schemes are proposed in literature based on perturb and observe principle. Those are described as below.
A. Fixed step LPPT control scheme
This is the conventional LPPT technique and here, the voltage reference for the duty ratio controller is varied in fixed steps. The fixed step LPPT (FSLPPT) control is governed by the following equation.
Here, is the sampling time instant, ∆ is the step size for voltage correction and is the directionality factor. The value of directionality factor at th sampling time instant is given in (2) .
Here, represents the tolerance band for convergence at reference power point and is employed to avoid power oscillations. The sign of Γ[ ] for perturb and observe (P&O) method is defined as given in (3) .
The sign of Γ[ ] determines the position of the present operating point on the Power Vs. Voltage curve of PV system with respect to maximum power point (MPP). The value of Γ[ ] is, positive on the left side of MPP, negative to the right of MPP and zero at MPP. In this LPPT control scheme, the voltage is varied with fixed perturbation step size (Δ ) depending on the position of the present operating point with respect to MPP. Hence, this LPPT control scheme is considered to be as FSLPPT. In this control scheme, with the high value of step size (Δ ), the response time will be less and power oscillations at steady state will be more. However, with the less value of step size (ΔV), the response time will be more and power oscillations will be less. Hence, with this FSLPPT control scheme, there is always a conflict between response time and power oscillations.
B. Variable step LPPT control scheme
In this control scheme, the perturbation step size is dynamically adjusted to overcome the conflict between response time and power oscillations. This scheme resembles variable step MPPT [6] . The perturbation step size is varied based on the location of the present operating point with respect to MPP and the deviation of the power level at the present operating point from the reference power. In this control scheme, the dynamics of reference voltage generator is defined as given in (4).
Here, [ ] and ΔV, serve the same as explained for FSLPPT. The dynamic adjustment of perturbation step size is carried out by [ ]. As we prefer the operating point on the right-hand side of MPP, for a reference power level below the maximum power level, there is no need to vary the perturbation step size if the operating point is on the left-hand side of MPP. Hence, the perturbation step size is dynamically adjusted only on the righthand side of MPP The value of , step adjustment factor, at the th sampling time instant is defined as given in (5) .
Here, is the constant of proportionality for step adjustment and is to be tuned based upon the LPPT operation. To minimize the power oscillations during MPPT mode of operation (in the case of reference power more than the maximum available power), a power scarcity indicator (Φ) is determined and its value at sampling time instant is defined as given in (6) .
Here, determines the tolerance band for convergence of slope at maximum power point. The convergence criterion defined for VSLPPT around the reference power level is given in (7).
Here, is the constant of proportionality tuned for convergence at reference power level.
C. Variable rate LPPT control scheme
The control performance of VSLPPT can be further improved by reducing the perturbation step size (∆ ) and increasing the sampling frequency of the voltage reference generator. However, due to the presence of transients in DC-DC converter, the location detection of a steady operating point corresponding to the present reference voltage may be incorrect with a high sampling frequency. Hence, a control scheme was developed [4] by separating the location and convergence detection module from the voltage reference generator. In this control scheme, the location and convergence detector is operated at a sampling frequency as that of conventional LPPT control scheme. However, the sampling frequency of reference voltage generator is made infinitely high and is considered to be as continuous time system. Hence, the control scheme is termed as VRLPPT. The dynamics of voltage reference generator in VRLPPT is determined as given in (8) .
Here, the voltage variation rate is dynamically adjusted instead of the voltage perturbation step size (∆ ). Here, is the base magnitude of voltage variation rate. The value of is defined as given in (9).
Here, Φ represents the power scarcity indicator and is similar to that of defined in VSLPPT control scheme and its value at th sampling time instant is given in (6) . Here, refers to the location detection of operating point with respect to maximum power point and its value at th sampling time instant is defined as given in (10).
The values of Φ( ) and ( ) are respectively determined by Φ[ ] and [ ] during interval ≤ < ( + 1) . Here, represents the sampling time interval of location and convergence detector.
In this paper, VRLPPT control scheme is considered for LPPT operation of PV system as it is the superior control scheme and it helps in achieving effective power tracking [4] .
III. DROOP CONTROL OF A NON-BATTERY-BACKED PV

SYSTEM
Droop control operation of distributed energy sources in a microgrid enables to share its load power under normal operating conditions and any further change in load power will be compensated by the distributed energy sources. The control architecture for islanded operation of battery storage system is explained in [7] . Here, the battery storage system is operated in -droop control mode. The droop control implemented for battery storage system can be represented in equation form as given in (11).
Here, is the nominal value of grid frequency (rad/sec), , is the power reference set point of the battery. is the battery power output measured at point of common coupling (PCC). The droop control coefficient ( ) is tuned according to the battery storage power level and accepted deviation in grid frequency. The schematic of droop control operation of battery storage system is shown in Fig. 1(a) . The voltage controller and current controller that are shown in Fig. 1(a) are similar to the ones explained in [7] .
The PV system is operated in -droop control mode, generating the required power reference command for LPPT operation of PV system by calculating the deviation of measured bus frequency from its nominal value. The droop control implemented for PV system is represented as given in (12).
Here, is the bus frequency (rad/sec) measured by phase locked loop (PLL), , is the power reference set point of the PV system droop controller, is the PV system power measured at PCC. The droop control coefficient ( ) is tuned according to the PV system power level and accepted deviation in grid frequency. The schematic of droop based LPPT operation of dual stage PV system is shown in Fig. 1(b) . The duty ratio controller, voltage controller and current controller that are shown in Fig. 1(b) are similar to the ones explained in [8] . 
IV. SIMULATION RESULTS
The effect of droop based VRLPPT control operation of PV system on frequency regulation of an islanded microgrid is investigated using MATLAB/Simulink. In this paper, a battery storage system and two PV systems are considered to be integrated as a single bus islanded microgrid system along with a balanced three phase star-connected varying resistive load and its schematic is shown in Fig. 2 . The DC side and AC side parameters of the considered islanded microgrid system are given in Table I and II, respectively. The maximum power that can be delivered by the considered PV-1 and PV-2 systems at PCC is 50 kW and 35 kW, respectively. Here, two different cases are considered to investigate the effect on frequency regulation. In the first case, the two PV systems are operated in MPPT mode and as they always delivers maximum available power into the microgrid, battery storage system alone is operated in droop control mode. In the second case, droop control is applied to all the battery storage and PV systems by operating the PV systems under the VRLPPT control. In both the cases, the considered system is initialized to their respective nominal values. A balanced three phase star-connected resistive load of 0.7315 Ω/ ℎ is applied on the integrated bus. The Load resistance is changed to 0.8736 Ω/ ℎ and is maintained from 2 to 4 sec. The load resistance is again changed to 0.7735 Ω/ ℎ at 4 sec. The total time considered for simulation is 6 sec. The observed results are shown in Fig. 3 and 4 . From the results, it can be observed that the deviation of frequency from its nominal value is less in the case of both the PV systems and battery storage system operating in droop control mode compared to the battery storage system alone is operating in drooping mode.
V. CONCLUSION
The objective of the paper is to regulate the frequency of an islanded microgrid system by operating all the available distributed energy sources in droop control mode. Here, the droop control of the PV system power output is considered as of interest in regulating the grid frequency. The non-batterybacked PV system configuration is considered. In this paper, a battery storage system and two PV systems are integrated as the islanded microgrid system and are operated in drooping mode. However, the implemented drooping operation of the PV systems is different from the drooping operation of the battery storage system. The droop controller used for the storage system generates a frequency command from the power measurement, which is fed to the VSC control system. On the other hand, the droop controller used for the PV system generates a power command from the frequency measurement, which is fed to the DC-DC converter control system. It is observed from the simulation results, for the same load change, in an islanded single bus microgrid system, the deviation of bus frequency from its nominal value is less when both the battery storage system and PV systems are operated in droop control compared to when battery storage system alone is operated in droop control. By applying VRLPPT control scheme for extracting the desired amount of power from the PV systems as commanded by the droop controller results in minimizing the frequency oscillations in steady state.
